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EDITORIAL REVIEW
The primary glomerular filtration barrier—basement
membrane or epithelial slits?
The detailed organization of normal glomerular
capillaries as well as the changes in their organization
which occur in association with many renal diseases
are by now well known. However, the question of
which structure in the glomerular capillary wall
represents the primary filter serving to retain plasma
proteins in the circulation has so far not been
resolved. Two hypotheses have been proposed—one,
that the basement membrane is the critical barrier,
and the other that the basement membrane represents
only a crude prefilter, with the critical barrier residing
at the epithelial filtration slits or "slit-pores."
Needless to say, it is very important to know if
there is just one filtration barrier to macromolecules
or two in series and especially to know if the critical,
size-limiting barrier resides at the level of the base-
ment membrane or the epithelial slits. The purpose of
this editorial is to summarize the accumulated infor-
mation on the glomerular filtration barrier and es-
pecially to critically examine the available evidence
which would enable us to localize the filter among the
glomerular structural elements.
Historical background
Glomerular function. It is well established that the
function of the glomerulus is to passively filter
plasma, retaining only the cellular elements of the
blood and plasma proteins. Initially, it was believed
that an essentially protein-free filtrate is produced,
but later this concept was revised to take into account
that normally small amounts of protein leak through
the capillary wall into the capsular space and are
reabsorbed by the proximal tubule. Even though
small amounts of plasma proteins do normally pass
through the filter (the exact amount that leaks
through is still being debated [1]), the fact is that the
bulk of the plasma proteins are retained in the cir-
culation [1—3].
In the late 40's and early 50's, physiologists—
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notable among which were Pappenheimer and his as-
sociates and Wallenius—investigated the properties
of the glomerular filter using various probe mole-
cules, especially proteins and dextrans (see [2-6] for
reviews). The results of these studies showed that the
glomerulus behaves as a sieve in that there is increas-
ing restriction to passage of macromolecules with in-
creasing effective diameter and molecular weight so
that molecules with a mol wt > 70,000 are essentially
excluded from the filtrate. Based on their studies with
probe molecules, Pappenheimer and his associates
postulated that the walls of glomerular capillaries,
like those of other capillaries, consist of a membrane
containing pores with an effective diameter of about
90 A. They explained the higher filtration rate of
glomerular capillaries by assuming the pores repre-
sent collectively 1 to 2% of the total surface of these
vessels as opposed to 0.2% in the case of muscle capil-
laries. Such pores were, of course, too small to be
resolved with the light microscope.
Glomerular structure. With the introduction of the
electron microscope into biomedical research in the
50's and 60's, a number of people examined the
glomerulus with the electron microscope in the hope
of locating the postulated pores, but no pores of ap-
propriate dimensions were detected. However, as a
result of the electron microscope studies of that
period, it became clear that all capillary walls are
stratified structures consisting of several layers, but
the nature and arrangement of the layers varies from
one capillary bed to another [7-8]. Among the varia-
tions encountered, the capillaries of the renal
glomerulus (Fig. 1) are unique, a situation in keeping
with their highly specialized function—i.e., the filtra-
tion of blood plasma. The glomerular capillaries
differ from other capillaries in a number of important
respects: I) The endothelial fenestrae are larger than
those of other fenestrated capillaries (e.g., those of
the intestine, kidney interstitia and endocrine organs)
and, at least in the rat and in the human, they lack
diaphragms. 2) Their basement membranes are con-
siderably thicker. 3) They lack the usual adventitial
investment of connective tissue on their outer surface.
4) They possess, instead, an elaborate epithelial layer,
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Fig. 1. Peripheral area of a glomerular capillary from a normal rat (X40,000). The capillary wall is composed of three distinct layers: the en-
dothelium (En) with its periodic interruptions or fenestrae (f); the basement membrane (B) which is a continuous layer, 100 to 150 tm in
thickness; and the foot processes (fp) of the epithelium (Ep). In a number of places (arrows) a thin line or "slit membrane" can be seen bridg-
ing the narrow (— 250 A) gap between the foot processes. The epithelial filtration slits are defined as that portion of the space between foot
processes extending from the level of the basement membrane to the level of the slit membrane. Cap = capillary lumen; US = urinary spaces;RBC = red blood cell. Reprinted with permission from Farquhar [18].
consisting of interdigitating foot processes. 5) They
include a special third or mesangial cell population
which is probably analogous to the pericyte of other
capillaries, but differs in being located on the luminal
rather than the adventitial side of the basement
membrane and in being concentrated in specific (ax-
ial) regions.
With the clarification of glomerular structure and
the failure to demonstrate the hypothetical pores, the
question arose as to which of the above layers con-
trols the permeability of these vessels. The mesangial
layer, being incomplete (i.e., restricted to axial
regions), was never considered in this context. The
endothelium was ruled out immediately, since it was
recognized very early that its fenestrae were too large
(500 to 1000 A) to restrict passage of anything other
than the cellular elements of the blood. This left only
the basement membrane and the epithelial slits as
potential candidates for the site of the restrictive bar-
rier. Since the gaps between the foot processes are
very wide 250 A), most workers of that period
[9—11] favored the idea that the basement membrane,
as the only uninterrupted layer in the glomerulus,
represented the site of the restrictive glomerular pas-
sages. However, as early as 1957, Hall [12] suggested
that the critical barrier might reside at the level of the
epithelial slits.
Work with electron-dense, particulate tracers. Fol-
lowing the failure to detect pores by direct
morphological observations, attempts were made to
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localize the permeability barrier using electron-dense
tracers. In these studies the assumption was made
that a sharp drop in the concentration of the tracer
should occur at the level of the structure that
restricted the tracer's passage. Initially only a few
such tracer molecules and particles were available,
and these were mostly of large size (e.g., ferritin, or
colloidal particles of mercuric sulfide, iron, gold and
thorotrast). A list of these tracers and their molecular
weights is given in Table 1. Of these, ferritin was by
far the most satisfactory. In 1961, Farquhar, Wissig
and Palade [15] used ferritin as a tracer to identify the
principal glomerular filter. When ferritin was in-
troduced into the blood stream, there was a sharp
drop in the concentration of the tracer at the level of
the inner or subendothelial surface of the basement
membrane and with time there was accumulation of
ferritin against the basement membrane, especially in
the axial or mesangial regions (Fig. 2). Similar
findings were obtained using other particulate tracers
[13, 14, 16, 17, 20—22].' These studies clearly
demonstrated that the basement membrane repre-
sents the main filter for molecules the size of ferritin,
but the question of whether smaller molecules were
filtered in the same way remained unanswered.
Work with histochemically detectable tracers. Later
on in the 60's, a number of additional tracer became
available which were not themselves electron-dense,
but depended for their demonstration on a second-
ary histochemical reaction (involving peroxidatic ac-
tivity) and deposition of an electron-dense reaction
product (oxidized and polymerized diaminobenzidine
or DAB). These tracers and their molecular weights
are also listed in Table 1. In 1966, using horseradish
peroxidase and myeloperoxidase, Graham and Kar-
novsky [24] observed concentration of reaction
product at the junction between the basement
The only exception was the work using large globin aggregates
[!9} in which the findings were inconclusive in regard to identifica-
tion of the barrier to the passage of these large bodies.
Table 1. Ultrastructural tracers used to locate the glomerular filtration barrier
Tracer Mol wt Measured radius
or ESR,A
Authors Reference
Particulate tracers
Ferritin
Saccharated
Fe20,
480,000
Variable
61b Farquharetal(1961 & 1964)
Deodhar et al (1964)
Pessina et al (1972)
15& 18
17
21
Aggregated
serum albumin
Variable ? Michael et al (1967) 20
Thorotrast Variable 100b Latta et al (1960)
Farquhar & Palade (1962)
Latta (1970)
14
16
22
Colloidal gold Variable 20_100b Farquhar & Palade (1959)
Farquhar& Palade(1962)
13
16
Globin aggregates Variable 250_1000b Menefee et al (1964) 19
Dextran 125,000 78 Caulfield & Farquhar (1974) 23
Dextran 62,000 55 Caulfield & Farquhar (1974) 23
Dextran 32,000 38 Caulfield & Farquhar(1974) 23
Mass tracers
Catalase 240,000 52 Venkatachalam etal (1970)
Karnovsky & Ainsworth (1973)
27
29
Myeloperoxidase 160,000 44 Graham & Karnovsky (1966)
Karnovsky & Ainsworth (1973)
24
29
Lactoperoxidase 82,000 —40 Graham & Kellermeyer (1968) 26
Hemoglobin 64,000 32 Ericsson (1968)
Latta (1970)
25
22
Horseradish
peroxidase
40,000 30 Graham & Karnovsky (1966)
Karnovsky & Ainsworth (1973)
Venkatachalam et al (1970)
24
29
27
Tryosinase
subunits
34,000 12 Oliver & Essner (1972) 28
Equine cyt-c 12,000 15 Karnovsky & Ainsworth (1973) 29
ESR = Einstein-Stokes radius.
Radius determined by direct measurement.
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Fig.2. Mesangial region from a rat given ferritin 24 hr prior to sacrifice (X43,000). Ferritin molecules fill the spongy areas (S) between the base-
ment membrane (B) and the mesangial cell (Me). Note, however, that their concentration falls off sharply at the inner surface of the basement
membrane (arrows), and very few molecules are found in the dense portions of the basement membrane or lamina densa, The spongy areas
are apparently "cleared" by the activity of the mesangial cells which incorporate the filtration residues in pockets of varied sizes. Where the
residues are massive as in this case, incorporation takes place in large pockets. The latter eventually become pinched off to form in-
tracytoplasmic vacuoles (ly') which become lysosomes (ly) [60]. Ep = epithelium; US = urinaryspaces. Reprinted with permission from Far-
quhar and Palade [16].
membrane and the foot processes and in the epithelial
slits up to the level of the slit membrane. The find-
ings were interpreted as indicating that there are two
successive glomerular filtration barriers in series: a)
the basement membrane which acts as a "coarse"
filter to exclude very large molecules (diameter > 100
A) and to retard smaller molecules, and b) the
epithelial slits which act as a "fine" filter and repre-
sent the principal filtration barrier for molecules the
size of albumin. Subsequent findings by Graham and
Kellermeyer [26], Venkatachalam et al [27] and
Oliver and Essner [28] using other tracers with per-
oxidatic activity were interpreted as consistent with
this hypothesis. More recently, Rodewald and
Karnovsky [30] examined glomeruli from kidney
tissue fixed in a special tannic acid fixative and de-
scribed slit-like pores (40 X 140 A) in the slit dia-
phragms. The authors proposed that these structures
might represent the filtration pores.
The use of histochemically detectable tracers is not
free of problems. First, some of them have a high
isoelectric point and might be expected to adhere to
the negatively charged cell coat of the epithelial cell
(see following). Second, since the demonstration of
the tracer depends on a secondary histochemical
reaction, there is the possibility of spurious localiza-
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tion by diffusion of tracer or reaction product before
its precipitation. Notwithstanding these limitations
and reservations, the concept of the two barriers in
series gained wide favor among both morphologists
[cf 22] and physiologists [2, 3}.
Recent work with dextrans as tracers. What was
needed to clarify the situation was a better tracer.
Such a tracer should be particulate (so as to avoid the
necessity of carrying out a secondary histochemical
reaction); it should be inert and uncharged (to avoid
adherence or adsorption onto glomerular compo-
nents); and it should be available in a range of sizes
which adequately bracket the size of albumin.
Such a tracer exists in the form of dextrans. Dex-
trans, which are heteropolysaccharides of bacterial
origin, are uncharged, do not bind to plasma proteins
and are available in a wide range of sizes from a mol
wt of 10,000 to over 500,000. They were introduced in
1954 by Wallenius [6] as probes to study glomerular
permeability and have since been used extensively by
physiologists for this purpose as well as to study the
permeability of other types of capillaries. At the pres-
ent time there are extensive data available on the
behavior of dextrans in the normal glomerulus [31—
33] and in pathologically altered glomeruli [34]. As a
result it is clear that they behave like proteins in that
there is increasing restriction to their passage with in-
creasing mol wt. The only difference in their behavior
is that their effective exclusion from the filtrate occurs
at a somewhat lower mol wt than with proteins
(55,000 to 60,000 instead of 68,000).2
For many years this probe was not useful as a
tracer for electron microscope studies since the parti-
cles lacked inherent electron opacity and could not be
detected in the usual tissue preparations. Recently,
Simionescu and Palade [35] have devised a method
for staining dextrans (involving binding of osmium
and lead) whereby the particles can be demonstrated
in tissue sections.
Taking advantage of the availability of this
method, our laboratory has used dextrans as probes
in an attempt to identify the primary permeability
barrier [23]. Since the commercially available dex-
2 The greater restriction of dextrans than proteins is due to the
fact that, at a given mol wt, they have a larger effective molecular
diffusion radius (Einstein-Stokes radius or ESR) than proteins (see
Table 1). However, proteins of a given ESR exhibit greater diffi-
culty in penetrating the glomerular membrane than dextrans of a
similar ESR. Thus, the endpoint of glomerular porosity for pro-
teins is limited to those with an ESR no greater than 36 A
whereas for dextrans passage of molecules up to 50 to 55 A is
allowed, It has been suggested [2, 3] that this could be due
to electrostatic repulsion of charged protein molecules by the
glomerular membrane and/or deformation of the flexible, long-
chain dextran polymers in such a way that their transglomerular
passage is facilitated.
trans are well known to be polydisperse, it was neces-
spry to purify them and to prepare narrow range frac-
tions. Three such fractions with mol wt of 32,000,
62,000 and 125,000 (which are considerably smaller,
approximately equal to or considerably larger in size
than albumin) were prepared by gel filtration (or ob-
tained from Pharmacia). These fractions would be ex-
pected to be extensively filtered, filtered in only small
amounts and largely retained, respectively, by the
glomerular capillaries. When the tracer solution was
infused i.v. into rats,3 the preparations behaved as
predicted: initially, all three fractions appeared in the
urinary spaces, with 32,000 > 62,000 >> 125,000.
The smallest fraction was totally cleared from the
blood and urinary spaces by 2½ hr, whereas the in-
termediate and largest fractions were retained in the
circulation at high concentrations up to 4 hr (Fig. 3).
With all fractions (Figs. 3—5) when particles occurred
in high concentrations in the capillary lumina, they
were present in similarly high concentrations in the
endothelial fenestrae and inner (subendothelial) por-
tions of the basement membrane, but there was a
sharp drop in their concentration at this level—i.e.,
between the inner, looser portions of the basement
membrane (lamina rara interna) and its central, more
compact portions (lamina densa). With the two
largest fractions, accumulation of particles occurred
against the basement membrane in the mesangial
regions with time (Fig. 6). On the other hand, no ac-
cumulation was ever seen with any of the fractions in
the epithelial slits or against the slit membranes (Figs.
3—6). It was concluded that the basement membrane
constitutes the main glomerular permeability barrier
to dextrans. In addition, since the dextrans behave in
a manner similar to proteins of comparable dimen-
sions (40,000 to 200,000 mol wt), it was concluded
that the main glomerular permeability barrier to such
proteins is also the basement membrane. Although
no pores were visualized directly, the postulated
limiting pores were assumed to reside within the
fibrous meshworks of the basement membrane.4
Certain problems arose with the use of dextrans as
tracers. Dextrans are difficult to stain within the
basement membrane, and they tend to aggregate dur-
Some strains of rats are known to liberate histamine in re-
sponse to dextran injections. In these experiments those of the
Wistar-Furth strain were used since it has been shown that their
vascular permeability is not affected by dextrans [35].
Renkin and Gilmore [2] have pointed out that the glomerular
filtration data could be equally well explained by the presence of
circular pores with a radius of 36 A, slits with a half-width of 36 A
or fiber networks with fiber half-interspaces of 26 A. Of these, the
fiber model appears to fit in best with what is known about the
morphologic [15] and biochemical [36] aspects of the basement
membrane.
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Fig. 3. Portion of a glomerulus taken from an animal killed 3½ hr after the injection of 125,000 mol wt dex: ran (X32,000). Three capillary lumina(Cap) filled with particles of dextran are present in the field. The dextran appears dense and irregularly aggregated. The luminal concentra-
tion of tracer is quite high, indicating the tracer has been effectively retained in the circulation. Dextran appears to penetrate the endothelial
fenestrae (f) and can be seen between the endothelium (En) and the basement membrane, but the basement membrane proper (lamina densa)
and the epithelial slits are free of dextran. This sharp drop in the dextran concentration which occurs in the subendothelial areas is par-
ticularly evident on the lower left (arrow). A few molecules are seen in the open urinary spaces (US) adjacent to the plasma membrane of the
epithelial cells (Ep). The particles present in the urinary spaces appear smaller in size than those in the capillary lumina. fp = foot processes.Reprinted with permission from Caulfield and Farquhar [23].
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The primary glomerular filtration barrier
Fig. 4. Glomerular capillary ten minutes after the injection of 62 .000 ma! wt dextran (X32 .000). The tracer is present in high concentration in
the capillary lumen, and a few particles, which are aggregated into coarse clumps, are present in the urinary spaces (US). Numerous mole-
cules are seen in the lamina rara interna between the endothelium (En) and the basement membrane proper (B) or lamina densa. No dextran
is present in the basement membrane proper or epithelial slits (arrows). These two main features—the sharp drop in the concentration of
dextran along the subendothelial regions of the basement membrane and its absence from the epithelial slits—are particularly well
shown at the top of the field where the section cuts tangentially through the capillary wall. f = endothelial fenestrae. Reprinted with per-
mission from Caulfield and Farquhar [23].
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Fig. 5. Glomerular capillary five minutes after the injection of 32,000 mol wt dextran (X23,000). Section is from the edge of a mesangial area. The
tracer is present in high concentration in both the capillary luniina (Cap) and the urinary spaces (US). Even with this relatively small molwt
fraction, a sharp drop in the concentration of dextran is seen along the subendothelial portions of the-basement membrane (B) and the slits
appear free of the tracer (arrows). Reprinted with permission from Caulfield and Farquhar [23].
ing fixation, so that particles appear of larger size
than would be expected on the basis of their mol wt.
This means that in electron microscope preparations,
the relative concentrations of the dextrans can be as-
sessed in the various compartments, but not the in-
dividual particle size. For this it was necessary to rely
on the characterization of the dextrans prior to injec-
tion and their known behavior in the circulation prior
to fixation.
Assessment of the evidence on localization
of the barrier
In a nutshell, the above summarizes the situation at
present and provides the necessary background for
assessing the evidence which would enable us to
decide which is the main filtration barrier, basement
membrane or epithelial slits.
How strong is the evidence for identification of the
slits as the primary filtration barrier? Upon analysis of
the available evidence, the proposal that the primary
filtration barrier lies at the level of the epithelial slits
remains open to question. None of the particulate
tracers were ever observed to accumulate in the slits,
either at their entrance or against the slit membrane.
Therefore, the evidence supporting the epithelial slits
as the site of the primary filtration barrier is derived
solely from work with enzymatic tracers. As already
mentioned, the results obtained with these enzymatic
tracers can be affected by certain problems which
tend to erode the basis of the hypothesis. Some of
these are outlined below. Several have already been
recognized by Karnovsky, Ainsworth and Schnee-
berger [29, 37, 38].
I. Lack of direct information on the size of the cir-
culating tracers. There is no direct information
provided on the size of the tracers in the circulation.
This is particularly important for catalase [39] and
myeloperoxidase [40] which are polymeric proteins
that can dissociate into smaller subunits with en-
zymatic activity.
2). Fixation delay. In all the experiments using en-
zymatic tracers, there was a delay between stopping
the circulation and fixation of the kidney since fixa-
tion was initiated by removing the kidney, cutting it
into pieces and immersing it in fixative (rather than
by perfusion fixation or fixation in situ [15, 23]). As a
result, the glomerular capillaries, instead of being
normally distended, were collapsed for an undeter-
mined period of time between removal of the tissue
and immobilization of the tracer by the fixative. Dur-
ing such tissue preparation, it is possible that changes
in the capillary wall and diffusion of the tracers from
their original site of deposition could occur.
3). Limitations of hislochemical techniques. Since
these enzymatic tracers cannot be visualized directly,
their demonstration depends on a secondary
histochemical reaction and deposition of an electron-
dense reaction product which creates certain poten-
tial difficulties characteristic of histochemical reac-
tions in general. For example, diffusion of the tracer
or reaction product can occur resulting in spurious
localization [41, 42]. Another problem caused by the
amplification provided by the histochemical reaction
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The primary glomerular filtration barrier 205
(which can be useful for other situations where in-
creased sensitivity is desirable) is that it is difficult to
assess quantitative differences in the distribution of
the tracer.
4). Adsorption of tracers onto the epithelial cell
membrane. This probably represents the most serious
complication because all the enzymatic tracers used
are charged molecules which could interact with
glomerular components. Since most enzymatic
tracers are basic proteins, they would be expected to
bind avidly to the epithelial cell membrane which is
known to be covered with a highly negatively charged
cell coat of sialoglycoprotein. In fact, binding of
tracer to the epithelial cell membrane has been
acknowledged in the case of horseradish peroxidase
[29], tyrosinase [28] and especially myeloperoxidase
Fig. 6. Mesangial area /3 mm after the injection of 250,000 mol wt dextran (X20,000). Dextran is seen in the intercellular spaces between the
processes of adjacent mesangial (Me) cells (short arrows) and between these cells and the basement membrane (B) (long arrows). No dextran
is seen in the epithelial slits or urinary spaces (US). fp = foot processes. Reprinted with permission from Caulfield and Farquhar [23].
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Fig. 7. This figure shows dextran within a phagosome (ly) in the
visceral glomerular epithelium of an animal given 125,000 mol wt
dext ran one hour before sacrifice (X61 ,000). As in the case of ferritin
[15], some of the dextran particles which pass through the base-
ment membrane are picked up by the epithelium and concentrated
into phagosomes which become lysosomes [60]. fp foot
processes; mt microtubule. Reprinted with permission from
Caulfield and Farquhar [23].
[29]. This binding seems to be particularly
pronounced in the case of myeloperoxidase which has
an isoelectric point of 10 [see ref. 29, 38]. Karnovsky
and Ainsworth [29] have acknowledged that, due to
its strong charge, this protein is an unsatisfactory
tracer. It is of interest to note that the original
premise of the "two-barriers-in-series" concept relied
heavily on images obtained with myeloperoxidase.
The only tracer with which adherence to the cell coat
was not observed was catalase, the only acidic protein
(p1 = 5.7) utilized. Venkatchalam et al [27] found a
diminishing concentration gradient for catalase (as
well as for horseradish peroxidase) across the base-
ment membrane which could be considered to be
The results with cytochrome C 1291 and lactoperoxidase [26]
were not illustrated, but the latter was described as giving results
"identical" to those obtained with horseradish peroxidase, sug-
gesting that there was also binding to the cell membrane with this
tracer.
evidence that the basement membrane constitutes the
main barrier to these molecules.
That basic proteins do bind to the epithelial cell coat
was also demonstrated by recent experiments carried
out in collaboration with Dr. John Caulfield. A con-
centrated solution of lysozyme (p1 = 11; mol wt =
15,000) was perfused into the kidney of anesthetized
rats and the kidney was rapidly fixed by injections in
situ. Figs. 8 and 9 show that due to its small size,
lysozyme rapidly passes through the glomerular
capillary wall and appears in the urinary spaces. Dur-
ing its passage it binds avidly to the entire epithelial
cell membrane. Those portions of the cell membrane
surrounding the foot processes as well as those along
the cell body appear outlined by thick (40 nm) pro-
tein layer of moderate density.
Thus, the situation can be summarized as follows.
All the tracers used are expected to be filtered
through the barrier and appear in the urinary space
but in differing amounts depending on, and inversely
proportional to, their size. If cationic in nature, pro-
teins would be expected to bind to the anionic
epithelial cell surface, irrespective of their size. Such
binding would be expected to result in high local con-
centrations of tracer proteins which could be con-
fused with accumulation of filtration residues within
the slits. Unfortunately, in the work with enzymatic
tracers, one cannot distinguish between retention in
the slits by ionic interaction and retention due to their
size being larger than the slit-pores.
How strong is the evidence identifying the basement
membrane as the main filter? From analysis of the
available data, especially those derived from the use
of particulate tracers, one must conclude that con-
siderable evidence can be mustered in support of the
basement membrane as the main filter. In all the
studies utilizing particulate tracers (of which a great
variety have been used), a sharp drop in the con-
centration of the tracer was noted between the inner,
loose layers of the basement membrane (lamina rara
interna) and the dense portion of the basement
membrane, the lamina densa.
Each of the particulate tracers has certain
limitations—e.g., ferritin is very much larger than
albumin; colloidal solutions of iron, thorotrast and
gold are polydisperse; and dextrans stain poorly
when they are located in the basement membrane.
However, these criticisms are not of the type that
necessarily invalidates the findings, and, in most in-
stances, the criticisms have been largely answered. In
the case of the polydisperse colloidal tracers, if two
barriers were present in the glomerulus, one would
expect to see a sieving effect, with accumulation of
large particles against the basement membrane and
lit -
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Figs. 8 and 9. Portions of glomerular capillaries from an animal perfused with a mixture of lysozyme (3%) and 62,000 mol wi dexi ran (5%). In Fig
8, a few clumps of dextran particles are seen both in the capillary lumen (Cap) and the urinary spaces (US). The epithelial cell membrane ap-
pears outlined in its entirety by a thick (-4O nm), dense-staining layer; both those portions of the cell membrane surrounding the foot
processes (arrows) and those portions surrounding the epithelial cell bodies (Ep) are outlined. This layer is presumed to result from the ad-
sorption of lysozyme, a basic protein (p1 = 11), to the highly negatively charged surface of the epithelial cell. In Fig 9, the dense layer of
lysozyme adhering to the membrane of the foot processes is seen to better advantage. Numerous dextran particles are found free in the
urinary spaces, but none adhere to the epithelium. Both the dextran (which is uncharged) and lysozyme are apparently filtered, but only the
lysozyme (a cationic protein) sticks to the anionic epithelial cell membrane. Material which is presumed to represent lysozyme (since it is of
the same density and texture as the layer along the cell membrane) is present in the basement membrane and is especially concentrated in the
subepithelial areas between the basement membrane and the base of the foot processes (lamina rara externa). The distribution of lysozyme is
similar to that seen with other basic proteins used as tracers (see text for a discussion of this point). Fig. 8 = X28,000. Fig. 9 X65,000.
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smaller particles against the slits; however, accumula-
tion of tracer against the slits was not observed
[13—18, 20—231.
At first glance, the failure to visualize dextrans
within the basement membrane appears to represent
a major deficiency of this tracer. The dextran particles
can be readily seen in the lumen, urinary spaces and
subendothelial areas of the basement membrane but
are not often visualized within the dense portions of
the basement membrane or lamina densa where they
would be expected to occur at low frequency in tran-
sit. By analogy it could be argued that they are also
present in the slits but cannot be visualized in this
location. These objections appear to have been
satisfactorily answered by recent experiments in
nephrotic animals [43, 44] in which increased
numbers of dextran particles leak through the base-
ment membrane to reach the epithelium. In this situa-
tion they can be visualized in the subepithelial spaces
(lamina rara externa) between the epithelium and the
basement membrane but are never seen accumulating
in the residual slits.
To summarize, in spite of differences in their
nature (size and charge), all the particulate tracers
behave similarly with respect to the previously men-
tioned concentration drop which regularly occurs at
the level of the lamina densa.
What is known about the functions of the epithelium?
Several functions can be attributed to the visceral
glomerular epithelium. For one thing, there is
evidence that it plays a role in biogenesis of the
glomerular basement membrane by producing one or
more of its components [15, 45, 461, but so far the
nature of the components produced and the site and
mechanism of their release from the cell are un-
known. In addition, there is evidence [15, 23] that in
the filtration process the epithelium functions as a
monitor to recover (by pinocytosis) part of the pro-
teins that leak through the basement membrane (see
Fig. 7), especially in the nephrotic animal [43, 44, 47].
Beyond this it appears that the epithelium acts as a
supporting grid for the basement membrane or
"porous support" [cf. 44] which has slits allowing
passage of the filtrate into the urinary spaces. The
morphologic and functional evidence available sug-
gests that the filtration slits are special attachment
devices, (i.e., long, continuous desmosomes of
minimal depth), which serve to keep the foot proces-
ses in place and to maintain the continuity of this
layer as well as to provide pathways for the filtrate to
pass.
Admittedly, because of their dimensions, the slits
must represent restrictions to free passage of particles
greater than 250 A, but studies with particulate
tracers [13—23] indicate that they are considerably
less stringent than those represented by the pore
system of the basement membrane because no par-
ticulate tracer (with the exception of very large globin
aggregates [19]) has been demonstrated to ac-
cumulate there. Thus, it appears quite likely that the
situation is the converse of that proposed by Kar-
novsky and his associates in that the slits appear to be
more (rather than less) permeable than the basement
membrane. Previously it was pointed out [cf. 23, 29]
that this arrangement has advantages from a func-
tional standpoint since, as indicated by data derived
from studies of artificial membranes [48, 49], the
combination of a coarse filter followed by a fine filter
is susceptible to clogging.
A further word should be added about the so-
called epithelial cell coat—i.e., the negatively charged
layer, stainable with colloidal iron [50, 51] and
ruthenium red [52], present along the outer surface of
the epithelial cell membrane and believed to represent
a sialoglycoprotein. If the situation is comparable to
the sialoproteins of the red blood cell [53, 54], the
material may represent an intrinsic portion of the cell
membrane of the glomerular epithelial cell (i.e., a cell
membrane protein instead of extraneous cell coat
material).6 In addition, according to Spiro [36] the
basement membrane also contains sialoprotein;
however, currently there is some debate [cf 55, 56]
as to whether the sialoglycoprotein present in
glomerular basement membrane preparations
represents an intrinsic basement membrane com-
ponent or contamination from residual epithelial
cell membranes.
At one time it was suggested that the epithelial
cell membrane sialoprotein might play a role in
preserving glomerular impermeability to plasma
proteins and that their depletion might lead to
proteinuria [22, 57]. Based on recent studies of
normal rats overloaded with protein [58], it seems
far more likely that "depletion" occurs as a con-
sequence of protein overload. The results of recent
experiments by Seiler, Venkatchalam and Cotran
[59] (in which neutralization of the anionic surface
coat induced by infusion of polycations caused a
loss of the usual foot process arrangement) suggest
6 The major sialoprotein of the red blood cell surface, which has
been called "glycophorin" [53] or "PAS-l" [54], is an integral
membrane protein which extends all the way through the
membrane. The molecule is divided into three parts: a hydrophilic
portion containing all the carbohydrate which protrudes from the
outer membrane surface and is exposed to the extracellular space; a
hydrophobic section thought to be embedded in the lipid matrix of
the membrane; and another hydrophilic section or tail, rich in
charged groups, which is believed to protrude from the inner
(cytoplasmic) membrane surface.
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that the sialoprotein may play a role in maintaining
the normal foot process arrangement and spacing.
Summary and conclusions
In 1961, based on results obtained with the par-
ticulate tracer ferritin, Farquhar, Wissig and Palade
[15] proposed a functional model for the glomerulus
and defined a role for each of its components in the
filtration process: a) the basement membrane as the
main filter; b) the endothelium as a valve, which by the
number and size of its fenestrae, controls access to
the filter; c) the epithelium as a monitor which partial-
ly recovers proteins that leak through the filter; and
d) the mesangium which serves to recondition and un-
clog the filter by incorporating and disposing of filtra-
tion residues which accumulate against it.
In 1966, based on results obtained with the
histochemically demonstrable tracers, horseradish
peroxidase and myeloperoxidase, Graham and Kar-
novsky [24] questioned the basement membrane as
the site of the main filter and proposed instead that it
functioned as a crude prefilter with the epithelial slits
representing the final critical barrier. While the con-
cept of the "two-barriers-in-series" has enjoyed wide
acceptance, the validity of certain of the experimental
data used to support the original hypothesis has been
questioned [23, 29, 37].
In the meantime, additional experimental evidence
obtained largely with the use of particulate tracers
(especially dextrans [23, 43, 44]), has provided strong
support for the concept thai the basement membrane
acts as the main barrier to the passage of molecules in
the same size range as plasma proteins (32,000 to
125,000 mol wt).7
With respect to the function of the other layers in
filtration, additional new information that has come
to light has supported the roles proposed above.
Work with both particulate [16, 60] and enzymatic
[24, 29] tracers, as well as studies by Michael et al [61,
62] with aggregated serum albumin, supported the
phagocytic (unclogging) function of the mesangium.
This conclusion is also supported by findings recently reported
by Ryan and Karnovsky [63], who found that albumin (detected
by peroxidase-labeled anti-albumin FAB) remains on the luminal
side of the basement membrane under normal flow conditions and
permeates the basement membrane to reach the slits and urinary
spaces only when blood flow is stopped. To quote directly: "Dur-
ing normal blood flow, dense reaction product specific for albumin
was largely confined to the glomerular capillary lumen and en-
dothelial fenestrae. At first, this suggests that the basement
membrane (BM) blocks the passage of albumin to the urinary
space. However, after renal pedicle ligation for 5 mm before fixa-
tion, reaction product was detected throughout the BM and in the
urinary space; if blood flow was restored for 10 mm after 5 mm of
pedicle occlusion, albumin distribution returned to normal."
There is evidence from work with particulate tracers
(particularly that with dextrans in nephrotic animals
[43, 44]) which supports the monitoring function
proposed for the epithelium.
Recognizing that their work with histochemically
demonstrable tracers may have certain technical
limitations, Karnovsky, Ainsworth and Schneeberger
[29, 37, 38] have recently taken the position that there
is no definitive answer to the question of which
structure—basement membrane or epithelial slits—
represents the principal filter, and have suggested that
more information is needed in order to make such a
decision.
But, in fact, the bulk of the evidence available at
present favors the basement membrane as the pri-
mary filtration barrier in the glomerulus. Substantial
evidence based on work with electronopaque tracers
(including recent studies with dextrans) indicates re-
tention of a variety of tracers by the basement mem-
brane. On the other hand, unequivocal demonstra-
tion of retention of any tracer by the slits is still
lacking.
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